Abstract-In this paper, a liquid-core photonic crystal fiber (LCPCF) with small hollow-core filled by chalcogenide material CS 2 is designed. The supercontinuum (SC) generation in such a LCPCF with nonlinear coefficient of 3327 W −1 ·km −1 at 1550 nm and wide normal dispersion regime spanning from 1200 to 2500 nm is numerically studied by solving the generalized nonlinear Schrödinger equation. The influences of the pump pulse parameters on the SC spectral width and coherence are demonstrated, and the optimum pump condition for the SC generation is determined. Our study work can provide an alternative way for obtaining highly coherent SC, which is important for the applications in optical coherence tomography, frequency combs, and ultrashort pulse generation.
INTRODUCTION
Supercontinuum (SC) generation in optical waveguide has become an active research because its enormous applications in wavelength division multiplexing, optical frequency combs, optical coherence tomography, and frequency metrology [1] [2] [3] [4] [5] [6] [7] . The spectral broadening results from the interplay between group-velocity dispersion (GVD) and a series of nonlinear effects. The physical mechanism of SC generation in the anomalous dispersion region of optical waveguide is dominated by the soliton fission and dispersive waves [8] . Lot of studies demonstrate that SC spanning more than one octave can be easily obtained when the pump wavelengths of femtosecond or picosecond pulses are in anomalous dispersion regime and close to the zero-dispersion wavelength (ZDW) of optical waveguide. Ranka et al. showed the SC spanning over an octave from 400 to 1500 nm using only 75 cm PCF with the ZDWs within the range of 765 ∼ 775 nm [9] . Omenetto et al. reported the SC from 350 nm to 3 µm in subcentimeter lengths of soft-glass photonic crystal fibers (PCFs) with a ZDW at 1300 nm [10] . Qin et al. used a 2.5-cm-long fluoride fiber with ZDW at 1650 nm to generate SC from UV (∼ 350 nm) to 3.85 µm [11] . However, the solitonic dynamics are very sensitive to the pump pulse fluctuation and pulse shot noise [12, 13] , so the coherence of the SC generated could be degraded severely. Recently, the SC generation in normal dispersion regime of the optical waveguide has attracted great interest. Hooper et al. used 1 m PCF with all-normal GVD to generate 800 nm bandwidth continuum [14] . Li et al. numerically investigated the SC generation in PCFs with all-normal GVD, and discussed the physical mechanism and coherence of generated SC [15] . Yan et al. showed the simulation result of 2-5 µm SC generation in an As 2 S 3 PCF with all-normal flat dispersion profile [16] . Because the spectral broadening is mainly attributed to self-phase modulation (SPM) and stimulated Raman scattering (SRS) [8] , the related problems existing in the solitonic dynamics can be avoided [17] . But for the highly coherent SC in normal dispersion regime, higher pump power, shorter pulse duration, and longer waveguide length are needed. In order to avoid these problems, the use of highly nonlinear optical waveguides is necessary.
In the past decades, the silica photonic crystal fibers (PCFs) are demonstrated to be an ideal medium for SC generation because of its adjustable dispersion and enhanced nonlinearity [18, 19] . But the low nonlinear-index and strong absorption in mid-infrared region have a great limit. Recently, liquidcore PCFs (LCPCFs), whose cores are filled with highly nonlinear liquid materials, have been proposed for SC generation. Bozolan et al. used a 5-cm-long water-core PCF to achieve a 500-nm spectrum broadening [20] . Zhang et al. studied the optical properties of hollow-core PCF filled with highly nonlinear liquid chloroform and investigated the SC generation [21] . Among these liquid materials, CS 2 is a good candidate because of its large nonlinear-index and good mid-infrared transparency. Several studies reported the SC generation in the anomalous dispersion regime of hollow-core fibers filled with CS 2 [22] [23] [24] . In this paper, LCPCF with high nonlinear coefficient and wide normal dispersion regime is proposed, then the SC generation in designed LCPCF is numerically studied and discussed. The optimum pump condition for the SC generation is determined through studying the influences of the pump pulse parameters on the SC spectral width and coherence.
DESIGN OF LCPCF AND THEORY MODEL
In this section, we will design and optimize fiber structures by the full-vector finite element method which is widely used for analyzing the optical waveguide. The cross-section of the designed LCPCF is shown in Fig. 1 , where small hollow-core is filled with CS 2 (red circle), and the substrate is the silica material (grey area). The four rings of air holes (white holes) are arranged in a hexagonal lattice to adjust the dispersion profile and ensure sufficiently low confinement loss. As reported in [24] [25] [26] , this kind of fiber can be easily fabricated by infusing the liquid into a small hollow-core PCF.
The effective refractive index of CS 2 is obtained from [22] ,
The GVD is given by
where c is the speed of light in vacuum, and Re(n eff ) stands for the real part of the effective refractive indices. The dispersion profiles of the LCPCF can be evidently affected by the ratio of hole diameter (d) and pitch (Λ). In this study, we fix d = 1.8 µm and adjust Λ so as to obtain the desired dispersion curve. Fig. 2 shows the calculated GVD profiles when Λ is changed from 2 to 5 µm. When Λ = 2.0 µm, fiber has anomalous dispersion from 1270 to 2500 nm. With the increases of Λ, the first zero-dispersion wavelength of the proposed fiber moves towards longer wavelengths gradually. The main reason is considered that the effect of waveguide dispersion decreases, and the material dispersion dominates. When Λ ≥ 3.5 µm, the LCPCF has an all normal dispersion which is necessary for our research within the wavelength range of 1200 to 2500 nm. On the other hand, the values of D and dispersion slope decrease as Λ increases at 1550 nm. It can be seen from Fig. 2 that when Λ = 5 µm, the value of D at 1550 nm is as large as −114.26 ps/km/nm, which can strongly suppress the modulation instability during the SC generation. The dispersion slope at 1550 nm is only 0.021 ps/km/nm 2 , and the effect of third-order dispersion is small. Thus, the fiber parameters are chosen as following: d = 1.8 µm, and Λ = 5 µm. Next, the CS 2 is filled into the hollow-hole to achieve high nonlinearity. The nonlinear coefficient γ is expressed as
cladding (4) where E(x, y) is the transverse distribution of electric field of fundamental mode and n 2 (x, y) the nonlinear index of CS 2 [23] and silica material. The calculation result shows that this fiber has the γ value of 3327 W −1 ·km −1 at 1550 nm. Finally, the propagation dynamic of the short pulses inside the LCPCF with normal dispersion can be simulated by solving the generalized nonlinear Schrodinger equation with Runge-Kutta algorithm [27] ,
where A = A(z, t) is the envelope of the electric field, α the propagation loss, β n the nth order GVD coefficient at the center frequency ω, γ the nonlinear coefficient, and f R and h R (t) represent the Raman contribution and Raman response function of CS 2 , respectively. Because of nonexistent confinement loss of the proposed structure and very small absorption loss of CS 2 in the near-infrared region [24] , the propagation loss of the LCPCF with only tens of centimeters can be neglected. The dispersion order considered is up to 13 in our simulation, and the dispersion coefficients are given in Table 1 .
The response function for the optical pulses is R(t)
. The first and second terms represent contributions of the instantaneous electronic and Raman, respectively. Compared with the fused silica material, the Raman contributions are mainly due to the molecular reorientation, which is induced by the tendency of molecules to align in the electric field of the applied optical wave [20] . The fractional contribution of the Raman response f R is as large as 0.89, and the normalized Raman response function h R (t) can be written [22] as following,
where τ diff = 1.68 ps, τ rise = 0.14 ps, τ int = 0.4 ps, α = 5.4/ps and ω 0 = 6.72/ps. Coherence is an important parameter for measuring the quality of the generated SC. To simulate the spectral coherence, the random noise with 1% of the pulse intensity is added to the input pump pulses. The complex degree of first-order coherence at each wavelength can be defined [28] as following:
where E 1 (λ) and E 2 (λ) are the output spectrum from the fiber. The angular brackets denote an ensemble average over independently generated pairs of SC spectra, which are obtained from 100 simulation results. The values of |g 1 12 (λ)| at each wavelength are between 0 and 1.
NUMERICAL RESULTS AND DISCUSSION
In this paper, the split-step Fourier transform methods have been used to solve the generalized nonlinear Schrodinger Equation with Runge-Kutta algorithm [26] . In order to understand the mechanism of SC generation which takes place in normal dispersion regime of designed LCPCF, we firstly simulate the temporal and spectral evolutions of the pump pulses along the fiber. In our simulation, the hyperbolic secant pulses at 1550 nm with the peak power of 2 kW and full width at half maximum (FWHM) of 500 fs are used as the pump. Figures 3(a) and 3(b) show the temporal and spectral evolutions of the pump pulses along the LCPCF. It can be seen that the pump pulses are gradually compressed, and the corresponding optical spectra are asymmetrically broadened toward the shorter and longer wavelengths as the propagation distance increases. During this process, splitting of the pulse and spectrum occurs. To further understand the nonlinear evolutions, the output pulses and spectra for different propagation lengths are shown in Figs. 3(c) and 3(d) . Because of the large Raman contribution in the response function of CS 2 , the lower frequency components are efficiently generated by the combination of the Raman and SPM effects. At the propagation distance (L) of 0.025 m, the SC spanning from 1445 to 1790 nm is generated. Due to the faster propagation velocity of the lower instantaneous frequency components generated in the normal dispersion region, they are gradually shifted to the forward tail of the pulses. With the accumulation of nonlinear effect, the lower frequency components are enhanced by the SPM and Raman effects. In the time domain, the increase of energy on the leading edges results in the pulse splitting for L = 0.04 and 0.05 m. And output spectrum also splits into two parts. When L = 0.1 m, SC spanning from 1355 to 2110 nm can be obtained, and the −40 dB bandwidth can be up to 755 nm. As the pulses are compressed, the pulse splitting dominates the nonlinear optical process, and several small splitting parts emerge between the two primary parts of the pulses. In the frequency region, these splitting parts show the complex and oscillatory spectral structure. Fig. 4 clearly shows the output spectra (a) and coherence (b) when the propagation length L is 0.1 m. We can see that SC spanning 1355-2110 nm generated and output spectra presents highly oscillatory from 1600 to 1800 nm. And the coherence discussed below is nearly 1.
Next, the spectral width and coherence of SC for different propagation lengths are shown in Figs can be obtained by increasing fiber length, the coherence of SC will become worse, as shown in Fig. 5(b) . When L = 0.05 m, a dip occurs in the middle of SC induced by the pulse splitting as shown in Fig. 3(d) , but the spectral density has a relatively high value. Therefore, the coherence degree of generated SC (calculate from the −40 dB bandwidth) is nearly 1. As the propagation distances are increased, the spectral densities in the dips are relatively low, so the signal-noise ratios are greatly deteriorated when the input background noise and the spontaneous Raman scattering are considered. It is inevitable that the coherence in these dips will get worse with the accumulation of Raman effect. Fig. 5(b) shows that several small defects appear in the middle of spectra spanning from 1750 to 1800 nm at the propagation distance of 0.15 m, which correspond to the oscillatory structure of SC. The effects of the pump peak power on the spectral width and coherence are also studied when the pump pulses with the duration of 500 fs are launched into the 10 cm-long fiber. From Fig. 6(a) we can see that as the pump peak power increases, the SC widths are greatly broadened. And the spectral bandwidths are 317, 499, 637, 755, and 863 nm for the pump power (P ) of 500, 1000, 1500, 2000, and 2500 W, respectively. Fig. 6(b) shows the coherences for P = 1000, 1500, and 2000 W. We can see that generated SCs keep perfect (close to 1) coherence as the pump peak power changes.
Due to the large Raman response of CS 2 , the SC generation in the designed LCPCF highly depends on the duration of the pump pulses. For the 10 cm-long LCPCF and pump peak power of 2 kW, the pulse duration (T 0 ) is changed from 250 fs to two ps. Spectral broadening, caused by the Raman effect, is a time accumulation process by the combination of the Raman response and pulse intensity [8] .
For an input short pulse, the temporal Raman response contributes less to the nonlinear spectral broadening [29] . When T 0 is increased, the contribution of the Raman response increases. However, the decreasing bandwidth of the pump pulses as T 0 increases will limit the process of the spectral broadening. As shown in Fig. 7 , the generated spectral bandwidths are 632, 755, 775, 790, 767, 724, 700, and 632 nm for the pump pulse duration (T 0 ) of 250, 500, 750, 1000, 1250, 1500, 1750, and 2000 fs, respectively. It can be seen that the spectral width of SC increases with wider pump pulse duration until T 0 = 1000 fs, and the maximal spectral width is up to 790 nm. After that, a decreasing tendency emerges.
In addition, the pulse duration also has a great effect on the output spectrum and coherence of SC. In Fig. 8 , output spectra (red lines) and coherence (blue lines) of generated SC for different pulse durations are shown. It is obvious that with the increase of pulse duration, the coherence of generated SC get worse. The Raman effect has greater influence on the spectral broadening than the SPM. For the pump pulses with the shorter duration, the Raman gain mainly takes place on the existing spectral components. Thus, the amplified quantum noise is low compared with the intensity of existing spectral components, and the difference of SC profile generated by each pulse of pulse-series is little [30] . As shown in Figs. 8(a) and 8(b), when the pulse duration is shorter, the coherence degree is close to 1, which represents perfect coherence. The results of Figs. 8(c) and 8(d) can be explained by the nonlinear dynamics mentioned above. With the increase of the pulse durations, the Raman effect can be enhanced, the pulse splitting takes place, and the coherence in dips of SC is degraded. Longer input pulse duration means narrower bandwidth. As the pulse duration increases, the Raman gain then occurs outside the initial pulse bandwidth. So the new spectral components caused by Raman effect will be affected seriously by the amplified quantum noise [30] . The coherence degree will become very poor, as shown in Figs. 8(e) and 8(f).
CONCLUSION
In summary, a LCPCF with nonlinear coefficient of 3327 W −1 ·km −1 at 1550 nm and wide normal dispersion regime spanning from 1200 to 2500 nm is designed for SC generation. The influences of the pump pulse parameters on bandwidth and coherence of the generated SC are studied. This research can determine the optimum pump conditions for the SC generation in such fibers. Simulation results show that highly coherent supercontinuum spanning from 1355 to 2110 nm can be obtained by using 10 cm-long PCF and the 500 fs pump pulses at 1550 nm with the peak power of 2 kW. Therefore, the design LCPCF and pump pulse parameters for SC generation are feasible. Our study work can provide an alternative way for obtaining highly coherent SC, which is important for the applications in optical coherence tomography, frequency combs, and ultrashort pulse generation. 
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